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ABSTRACT 
In the studies of the microstructures of undercooled 
Si, fluxing technique was applied to remove heterophase 
nucleants from the specimen. Highly undercooled specimens 
could be obtained after prolonged heat treatment o ( 1500 C) 
in pyrex glass under one Ar gas atmosphere pressure. The 
heat treatment was carried out in a high temperature furnace 
which can provide a well controlled heating-cooling cycles. 
Molten si was allowed to solidify isothermally at 
undercooling, ~T, from 10 to 160K. Dendrites were found all 
over the si surface. The characteristics of the dendrites 
were determined by chemical etching method. In addition to 
the <211> twin dendrites, two novel dendrites are found. 
They are the <110> twin and the <100> twin free dendrite. 
The <110> twin dendrite has multiple twin planes and the 
orientation of the twin plane is [111]. These different 
dendrites exist at different initial undercooling and the 
dendritic transition temperatures for <110> to <211> and 
<211> to <100> are at ~T = 22 and 68 K, respectively. The 
nature of the dendritic transitions for <110> to <211> and 
<211> to <100> are edgewise to edgewise, and edgewise to 





The formation of a crystalline solid from its liquid 
phase is a process that occurs by nucleation and growth. At 
the equilibrium melting temperature, T ,the free energy of 
m 
solid and liquid are equal. At temperatures above T , 
m 
the 
liquid has low free energy, while at temperatures below T , 
m 
the solid is the stable phase (see Fig 1). When a liquid is 
cooled slightly below T , the liquid phase does not solidify 
m 
spontaneously. It is because the liquid-solid transition 
begins by the formation of stable nuclei. Nucleation inside 
a homogeneous, impurity free liquid is called homogeneous 
nucleation. The transition will occur at a temperature well 
below T . In practice, however, undercooled molten liquid 
m 
can be undercooled only slightly below T for impurities are 
m 
unavoidably present in it. Nucleation in the latter is 
heterogeneous in nature. 
Homogeneous Nucleation 
The free energy change for crystallization from a 
liquid phase contains two terms. The first is the volume 
free energy per unit volume, !J.G
v 
= !J.Gs - !J.GL , while the 
second is the increase in free energy of the formation of 
the solid-liquid interface, i.e. the interfacial free 
energy. Let D SL be the interfacial free energy per unit 
1 
area. Consider a liquid cooled below its T . The formation 
m 
of a spherical nucleus of the same crystal structure as that 
of the bulk solid, with radius r, i.e. it is assume that 7 
. SL 
is isotopic in every crystallographic direction, the free 
energy change is given by 
flG 432 = -3-nr flGv + 4nr 7 SL (1) 
Below T , flG is negative. This is the driving force m v 
for the solidification. The relationships of flG and r at two 
different undercoolings are shown in Fig. 2. From the graph, 
as r increases, flG passes through a maximum and then 
decreases and becomes negative. The critical radius r* and 
* critical free energy flG are given by: 
(2) 
* 




,for small flT (4) flG ex 
(flT) 2 
* For r < r , any further growth of the solid particle 
increases the free energy of the system. It is therefore 
unfavorable and the solid particle will most likely 
decompose back into the liquid to reduce flG. If the 
fluctuation of the free energy is large enough, the radius 
of the solid particle can be greater than that of the 
2 
critical radius. The nucleus will grow as the free energy of 
the whole system is getting smaller. 
In a liquid, structural fluctuation leads to a 
distribution of nucleus of various size. At a given 
temperature, the equilibrium distribution is described by 






= exp ( kT ) (5) 
where n 
r 
= no. of embryos of radius r per unit volume 
- no. of atom per unit volume 
Thus, the homogeneous nucleation rate per unit volume, 
I, is given by the number of embryos of critical radius r* 
times the frequency of an atom which is added to a critical 
embryo, 
* I = vn* = v no exp ( -~~ ) 
Heterogeneous Nucleation 
In practice, 'homogeneous nucleation 




nucleation takes place heterogeneously on mold wall and 
impurity particles. When a nucleus forms on a substrate, the 
interfacial free energy is increased by the creation of the 
3 
solid-liquid and solid-substrate interface. On the other 
hand, it is decreased by the destruction of the 
liquid-substrate interface. The free energy change of the 
formation of the nucleus is therefore given by, 
(7) 
where Vs is the volume of the spherical cap, ASL and ASM are 
the solid-liquid and solid-substrate interfacial area, and 
~SL' ~SM and ~ML are the free energies of the solid-liquid, 
solid-substrate and substrate liquid interfaces. 
For a planar (approximation) substrate, the contact 
angle (e) of the solid cap is given by balancing the three 
interfacial tensions, as shown in Fig 3. Thus, 
where 
432 ~Ghet = { --3-rrr ~Gv + 4rrr ~SL } s(e) 
2 S(e) = (2 + cose) (1 - cose) /4 
(8) 
(9) 
By differentiating equation (8), it can be shown that 
the critical radius of the nucleus is not affected by the 
substrate (see Fig 4). But the number of atoms to form a 
critical nucleus are much smaller especially when the 
contact angle (e) is small. By applying similar calculation 
as in the case of homogeneous nucleation, the nucleation 
rate I of the system with a certain contact angle (e) can het 
4 
be found. 
In addition to the contact angle (9), the shape of the 
* substrate can also affect ~G . By considering the cracks in 
the mold wall, the nuclei are readily formed at ' the roots 
and grow quickly to the mouths of the cracks. However, the 
growth of the embryo will be stopped when the opening of the 
crack is small. Heterogeneous nucleation only occurs in the 
crack with the radius of the solid-liquid interface greater 
* than r . 
1.2 Growth and formation of dendrites 
Lateral Growth 
When the radius of a nucleus is greater than the 
critical radius r*, the solid particle will grow to reduce 
the free energy of the system. However, the growth mechanism 
of metals and non-metals are different due to the difference 
in their atomic structure of solid-liquid interface. The 
solid-liquid interfaces of Ge and si are atomically smooth 
or sharp. A mobile atom cannot find a suitable site on the 
smooth surface for it will increase the number of broken 
bonds. Therefore a single atom would attach onto the ledge 
to maximize the number of nearest neighbors. 
In the growth process, the rate depends on the ledges 
or steps supplied. A new step can be formed by the creation 
of a disc-shape layer on the smooth surface. The rate of the 
5 
formation of the two-dimensional disc is just like the 
nucleation of a cluster which is quite difficult at nominal 
undercooling. Therefore, the crystal grows slowly in the 
direction normal to the smooth planes by the repeating 
surface nucleation. This gives the crystal a characteristic 
morphology related to the symmetry of the crystal lattice. 
However, the growth steps can also be provided by screw 
dislocations and twin boundaries of the crystal. In the 
former case, the angular velocity of the step is greater 
near the screw dislocation axis and a spiral is formed. 
Dendrites Formation 
In a one component system, the process of 
solidification is determined by the rate of heat transfer 
away from the solid-liquid interface. If heat is removed 
through the solid, the heat flux out through the solid is 
then equal to the heat flux in from the liquid plus the heat 
generated by solidification, i.e. 
(10) 
h K K are the thermal conductivities of solid and were S' L 
liquid, T~, T~ are the temperature gradient of solid and 
liquid,V i is the velocity of the interface, Lv is the latent 
heat of fusion per unit volume. 
6 
In a smooth solid-liquid interface, temperature 
fluctuation will cause a small protrusion at the interface. 
When the temperature of the liquid phase is greater than T , 
m 
by using Eqn. (10), the velocity of the small protrusion is 
smaller than the planar interface. The protrusion will 
disappear and the crystal will grow with a planar interface. 
When the liquid is undercooled, the protrusion will grow 
faster into the undercooled liquid to release the latent 
heat to the liquid. Consequently, the primary arms of the 
dendrite are formed and they will grow further into the 
liquid. In addition, the secondary and the tertiary is 
formed by the same mechanism. 
1.3 Previous result 
In the past few decades, crystal growth of 
semiconducting elements has been studied extensively. Billig 
[1] [2] discovered the <211> twin dendrite in slightly 
undercooled molten Ge. Later, Dermatis et al.[3] also found 
the <211> twin dendrite in slightly undercooled si. 
Earlier work [4], indicates that metallic specimens 
could sustain much greater undercooling in droplet form. 
Devaud and Turnbull [5] demonstrated that droplets of 
uncoated si (0.4-0.8 mm diameter) could be undercooled 
o 250 C, and they expected that si might undercool 
significantly more if an appropriate fluxing agent could be 
found. Later, they applied the fluxing technique to 
7 
elemental Ge ingots of diameter 0.3-0.5mm [6]. It was found 
that Ge could be undercooled 150-415° C below Tm in B20 3 
flux. Grain refinement was observed when the undercooling 
° was greater than 400 C and the <100> twin-free dendrite was 
observed for the first time in an undercooled specimen. They 
concluded therefore that as the undercooling is increased, 
the mechanism of crystal growth changes from stepwise 
lateral to continuous normal. 
Recently, Lau and Kui [7] [8] [9] repeated the fluxing 
technique on Ge under a well controlled temperature 
environment. The <110> twin dendrite of Ge was found at the 
least undercooling regime and the two transition 
temperatures of the <110> to <211> and the <211> to <100> 
were found to be 60°C and 93°C, respectively. In addition, 
grain refinement was observed for AT > 230°C. In this work, 
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Experimental set-up and Techniques 
2.1 High temperature furnace 
Design 
In the studies of the microstructures of undercooled 
si, the specimen is heated above its thermodynamic melting 
temperature Tm. Then it is slowly cooled below its Tm. The 
kinetic crystallization temperature, Tk is measured by a 
thermocouple. The simplest heat treatment setup is to put 
the specimen and fluxing agent in a fused silica tube under 
vacuum. The whole system is then heated up by a torch as 
shown in Fig 1. However, this method is limited by the fact 
that the fused silica tube would become soft at temperature 
greater than o 1300 C and deform seriously under one 
atmospheric pressure. On the other hand, in the absence of 
pressure difference, prolonged heating can be applied which 
is more desirable for the fluxing method. A high temperature 
furnace (HTF) was constructed for this purpose. The 
schematic diagram was depicted in Fig. 2. It can provide a 
well controlled cooling and heating cycles and isothermal 
conditions. 
The HTF can basically be divided into two main parts, 
the heater and the chamber which has inlet and outlet for 
14 
inlet gas flow. The heating coil is made of 1. Bm long, 
1.2Srom diameter thick tungsten wire (99.995%). In order to 
ensure temperature uniformity, a hollow graphite crucible is 
inserted into the heating coil which is separated from the 
graphite by hollow ceramic beads. The internal diameter of 
the graphite crucible is 13mm which is the same as the outer 
diameter of the fused silica tube that houses the si 
specimen and flux. Therefore, the graphite also serves to 
support the fused silica tube preventing it from deformation 
under a temperature of o 1500 C. A C-type (W 5% Re, W 26% Re) 
thermocouple is held at the bottom of the graphite crucible 
and it will be in touch with the zealed end of the fused 
silica tube during the entire experimental run. The 
thermocouple is connected to a X-T plotter, which records 
the temperature as well as the kinetic crystallization 
temperature of molten si ( during crystallization, a peak 
would appear on the X-T plotter due to recalesence) The 
heating coil is surrounded by three layers of radiation 
shielding made of Mo (99.95% pure). 
The chamber is made of stainless steel. It has five 
feedthoughs for different purposes. Two of them are used for 
water cooled electrodes which are directly connected to the 
tungsten wire. One is used for the installation of the gauge 
head (Pirani or Penning) to monitor the pressure inside the 
chamber. One is acted as a channel for the thermocouple for 
the temperature control and measurement. The last one is the 
15 
inlet of the purified argon gas that can maintain the 
chamber at one atmosphere pressure. In addition, the chamber 
is directly connected a mechanical pump at the side near the 
bottom. 
Working Principle 
The HTF can be operated either in very high vacuum 
-7 (10 Torr) or in an inert gas atmosphere, depending on the 
requirement of the experiment. In the VHV operation mode, 
the feedthough of the gas inlet is blanked and a penning 
gauge is used instead. 
When inert gas atmosphere is required, a mechanical 
pump and a pirani gauge head would be connected to the 
chamber. The exact procedure is as follows: the chamber is 
-3 
evacuated ( 10 · Torr) , by a mechanical pump. Then the argon 
gas (99.995%) is introduced into the chamber after passing a 
four feet long fused silica u-tube (13mm dia.) that contains 
Ca at a temperature of o 500 C. The Ca is used to absorb 
oxygen and moisture in the Ar gas. To ensure the inlet gas 
quality, a flow-meter is employed to control its flow rate 
at about 20 cc/min. 
The temperature of the molten specimen can be measured 
by two methods. The first is the pyrometer which can detect 
the temperature of the specimen though a window located on 
top of the chamber. The second method is by means of a set 
16 
of thermocouple as described earlier. The latter method is 
used in this experiment for it gives a more accurate result. 
The temperature of the furnace depends on the amount of 
input power. since the resistance of the heater is very 
small, a variac and a step down transformer is used to give 
out a large current under a small voltage. Now the 
resistance of the tungsten wire changed by an order of 
magnitude from 300 to 1800 K, the current must therefore 
increase gradually. 
2.2 Removal of heterogeneous impurities 
Common methods 
In practice, homogeneous nucleation is rarely 
encountered in solidification, since nuclei preferentially 
form on the heterogeneities such as the crevices of the mold 
wall, or the impurities particles suspended in the liquid. 
In the past few decades, many experiments have been 
performed to study the effects of undercooling on the 
microstructure and the properties of metal and alloy during 
solidification. Among various techniques that have been 
developed to obtain a high undercooling specimen~, four of 
them are in widely use: droplet method, fluxing in molten 
oxide, drop tube and the electromagnetic levitation 
technique. 
17 
In the droplet method, the metal or alloy specimen is 
broken up into a large number of small droplets. Each of 
which is isolated from the others by simple physical 
separation or by a thin coating of some inert sUbstance. The 
heterogeneities will be restricted to a small fraction of 
the droplets. Then large portion of the droplets can be 
achieved a large undercooling. By applying the microscopic 
method [1], the metal with a wide range of melting 
temperature (500 - 1800 K) can be studied readily. Sometimes 
a suitable liquid flux is employed. It is used to absorb the 
probably vibration which is likely to promote the 
solidification. In addition, this can minimize the 
possibility of the crystal nucleation that is catalyzed by 
the supporting surface. 
In a bulk metallic melt, the present of impurities is 
unavoidable. Hence, the amount of undercooling is limited. 
By the metallic melt fluxing in a suitable molten oxide or 
glass slag, it was showed--" that the bulk metallic specimens 
can be undercooled as large as the samples obtained by the 
droplet method [2] [3]. The mol ten flux is not only to 
isolate the liquid metal from the heterogeneous nucleation 
site or crucible walls but also to remove heterophase 
nucleants from the specimen. However, the technique is 
limited by the choice of the encasing material which must be 
thermally stable and must not react with the metal over the 
temperature range of experiment. 
18 
In the drop tube 
technique, the metallic 
and electromagnetic levitation 
melt do not contact with any 
crucible. It can eliminate the interface between the sample 
and the mold walls. In the drop tube technique, the melt is 
dropped in an enclosed long tube and allowed to solidify in 
the flight of the free fall. The long tube may be evacuated 
and backfilled with an inert gas to provide a controlled 
environment. It can reduce the contamination and protect the 
sample against oxidation. 
In the electromagnetic levitation technique, 
provided 
a high 
frequency generator is employed and a 
alternating current in an induction coil. Therefore, 
metallic sample is heated by the induced current 





Recently, Lau and Kui [3 ] [ 4 ] [5], again applied the 
fluxing technique to bulk elemental Ge under controlled 
temperature 
morphology, 
environment. In the studies of the surface 
differents kind~ of dendrites were observed. 
since si behaves in many ways similarly to Ge: l It is the 
purpose of this work to study the microstructure of 
undercooled si, also by fluxing method. 
19 
2.3 Preparation of undercooled si specimens 
In the Eillingham diagram, for metallurgically 
important oxides, (please see Fig 3 [6] )." T'he highly 
reactive metals, in the bottom of the diagram, can reduce 
other metal oxides readily to form a stable oxide~. It seems 
1_ .;..1' 
that boron oxide is a good fluxing agent for many metals and 
it can be applied to si. In the fluxing, the reactive metal 
impurities will be oxidized and dissolved in the flux. In 
Ref. [3], it was showeJ\ that bulk Ge could be undercooled 
° 342 C below Tm by fluxing it in dehydrated B20 3 . Hence, the 
same technique was used to prepare undercooled si specimens. 
In the experiment, silicon lump (99.995% purity) and a 
suitable amount of anhydrous B20 3 (99.995% purity) were put 
into a dry, clean fused silica tube (i.d. = 7 mm). Then the 
system was put into the HTF. The chamber was first purged 
with purified argon gas and then evacuated by a mechanical 
pump. As the temperature of the furnace was slowly 
increased, it turned out that degassing of the system was 
very serious. Finally, when it reached ° . 1500 C, boron oXlde 
was found to vaporize quickly. Therefore, the experimental 
details have to be modified. 
In the modified setup, the chamber was first evacuated 
to 10-3 Torr by the mechanical pump. Then the temperature 
was slowly increaseOto 900°C with the pump still operating. 
20 
This condition was maintained for about 1/2 1 hour. 
Degassing should be more or less over after this isothermal 
treatment. Next the mechanical pump was turned off and 
purified Ar gas was purged into the chamber at a rate of 20 
c.c./min until it reached one atmosphere. Finally the 
temperature was again raised to ° 1500 C. Under one 





not sUbstantiated enough to affect the application of 
fluxing technique. However, it appeared that the B 2 0 3 and 
molten si could be mixed for the originally clear B2 0 3 
flux became darker and darker as time went on. In fact, we 
were unable to obtain undercooling more than ° . 70 C ln all 
runs. Even worse, the as prepared undercooled si could not 
be separated from the B2 0 3 flux readily without damaging the 
surface. It was apparent in this stage that a more suitable 
fluxing agent should be used. 
Fluxing in glass 
Bulk specimen can be undercooled well below its Tm by 
choosing a suitable oxide as a flux. Another common fluxing 
agent is the pyrex glass which has been used for many 
metallic systems. However, there is one difficulty in using 
pyrex as a candidate. The density of si and that of pyrex 
are quite close so that molten si specimen will float in the 
molten flux which is not desirable. Furthermore after 
prolonged heat treatment (1500°C), the fused silica tube 
would turn crystalline which will initiate nucleation. 
21 
Therefore, it is necessary to devise a scheme to- avoid these 
problem; which is described in the following p~~agraphs. 
In the experiment, the si lump (99.995% purity) and 
pyrex glass were put into a clean, dry fused silica tube 
(i.d. - Ilmm). Then the whole system was transferred to the 
RTF for heat treatment. Initially VHV environment inside the 
chamber was employed. When the pyrex glass melted, bubbles 
appeared and they stic~f5' onto the surface of the molten Si, 
which resulted in the incomplete coverage of the specimen by 
the flux as shown in Fig. 4. Three characteristic results 
were found here. Firstly, dendri tes were indeed formed on 
the surface of the undercooled specimen. Secondly, 
undercooling was minimal and finally the kinetic 
crystallization temperature as measured by the thermocouple 
could not be too accurate for the bubbles would keep the 
specimen away from the bottom of the fused silica tube. 
The setup was then modified to one with purified Ar 
atmosphere, the bubbles evolving rate was much smaller. The 
specimen was seldom lifted to the top surface of the flux as 
illustrated in Fig. 5. On the other hand, it would not sink 
to the bottom for the density of si and that of pyrex are 
quite close to each other and pyrex is very adhesive to 
fused silica. As time went on, the molten flux also was 
turned into a dark medium. However, the undercooling 
recorded was large enough to make this technique useful. 
22 
A typical cooling curve is shown in Fig. 6. The peak 
indicates the onset of kinetic crystallization. Since the 
thermocouple was outside the fused silica tube. The actual 
temperature of the molten specimen must deviate somewhat 
from that recorded on the X-T plotter. In order to avoid 
this uncertainty, the crystallization was carried out under 
an initial isothermal condition, i.e. the temperature of the 
furnace was set at a particular temperature below the 
thermodynamic melting temperature of si. Then the 
undercooled molten specimen was allowed to sit there until 
the interruption of crystallization. In this way, the 
undercooling at which the molten si crystallized is 
determined precisely. 
2.4 Examine the microstructure of the sample 
Surface Morphology 
In the studies of undercooled Ge, three kinds of 
dendrites were observed by Lau and Kui [5J. The dendrites 
were distributed all over the Ge surface. In the studies of 
the undercooled Si, its entire surface will be examined 
carefully to prove the existence of the three different 
types of dendrites. 
After removing an as prepared si from the furnace, it 
was completely covered by glass. Since the pyrex had been 
darken in the process, it had to be removed before 
examining. This is achieved by dropping the glass enclosed 
23 
specimen into HF, which attacks pyrex only, but not si. 
Mechanical method was not used for the separation for si is 
brittle. The pyrex free specimens were then studied by means 
of optical microscope and scanning electron microscope 
(SEM) . 
The growth direction of the dendrites was confirmed by 
chemical etching method. Since si and Ge are in diamond 
structure, 
Ref. [5], 
{111} planes are 
WAg (HF:HN03 :5% 
the closest packed plane. In 
aq.soln.AgNo3 = 2:1:2) was 
employed, to revealed the <110> and <211> directions of the 
Ge. It turned out that it could also be used in the case of 
si. The sides of the triangular pits were parallel to <110> 
and perpendicular to <211> directions as shown in Fig. 7. 
Internal Morphology 
It was also necessary to study the microstructure 
internally, e. g. the twin plane, orientation of the twin 
planes and so on. The dissection was accomplished by a low 
speed diamond saw. During the cutting process, a suitable 
coolant was used to prevent the specimen from getting too 
hot. After this, the sample was mounted in a plastic mold 
for grinding and polishing. 
In the grinding process, the sample was moving back and 
forth across the surface of a water lubricated abrasive 
paper (silicon carbide paper, 400 mesh) that was sticke:0 
24 
onto a thick flat glass. The grinding direction should be 
changed 90 o for each finer grinding step. Finally the 
specimen was polished by a mechanical rotating wheels with 
11-1, 0.31-1 and 0.051-1 abrasi ves power (alumina) in sequence. 
From one step to the other, the specimen and the hands 
should be washed thoroughly in running water to remove 
foreign particles. Finally, a polished surface with 
practically no damage layer was obtained. 
To reveal the twin planes, the specimens were etched by 
CP4 (25 parts HN0 3 , 15 parts HF, 15 parts glacial acetic 
acid and 0.3 parts bromine). Lastly, the orientation of the 
twin plane was determined by superoxol etchant (1:1:4 volume 
parts of H20 2 (30%), HF (48%) and H20 respectively). 
25 
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(a) (b) (c) 
: .Si 
: Pyrex glass 
(a) : Si floated on the top side and only partial covered. 
(b) : Molten Si splitted into two pieces. 
(c) : Si not completely encased by the glass slag. 
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Fig. Sa Fig. 5b 
CITD······ · >:->:-:-:-:-:.:-........ : Si 
o : Pyrex glass 
(a) : Si placed near the bottom of the fused silica tube. 






Fig. 6a : Typical cooling curve for Si located near the bottom. 



























































<110> is parallel to the sides of the triangular pit. 
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CHAPTER 3 
MICROSTRUCTURES OF UNDERCOOLED SILICON 
The following paper is to be published. 
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Microstructures of Undercooled Si 
K.K. Leung and H.W.Kui 
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ABSTRACT 
Molten si was allowed to solidify isothermally at 
undercoolings, ~T, from 10 to 160 K. It was found that in 
addition to the <211> twin dendrites, two novel dendrites 
are found. They are the <110> twin and the <100> twin free 
dendrite. The <110> twin dendrite has multiple twin planes 
and the orientation of the twin plane is [111]. These 
different dendrites exist at different initial undercooling 
and the dendritic transition temperatures for <110> to <211> 
and <211> to <100> are at ~T = 22 and 68 K, respectively. 
The nature of the dendritic transitions for <110> to <211> 
and <211> to <100> are edgewise to edgewise, and edgewise to 
continuous normal growth, respectively. 
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INTRODUCTION 
When a molten specimen is free of heterogeneous 
impurities, it could be undercooled substantially below its 
thermodynamic melting temperature. Kui et al. [1] by fluxing 
Pd40Ni40P20 in a boron oxide flux, demonstrated that it 
could be undercooled to its glass state bypassing 
crystallization with a cooling rate of -1 1 Ks . The diameter 
of the largest specimen prepared this way was 1 cm. Later, 
Devaud and Turnbull [2] applied the same technique to 
elemental Ge ingots of diameter 0.3-0.5 mm, found that it 
could be undercooled 415 K below its thermodynamic melting 
temperature. In the studies, they discovered for the first 
time, the <100> twin free dendrite (in this paper, the 
different kinds of dendrites are specified by their growth 
directions) at high undercoolings, ~T = Tl - T, in addition 
to the <211> twin dendrite found by Billig [3] [4] at low 
undercooling. Also grain refinement occurred at an 
undercooling, ~T > 260 K. Lau and Kui [5] [6] [7] repeated 
the boron oxide flux method on Ge under a well controlled 
temperature environment. They found that there is a third 
novel dendrite, the <110> twin dendrite at the least 
undercooling regime. Besides, they determined that the 
transition temperatures for the <110> to <211> and the <211> 
to <100> transition are 60 and 93 K, respectively. 
furthermore, grain refinement occurred at 230 K and it is a 
result of multiplication or fragmentation of dendrites. 
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since si has the same crystal structure and in many 
ways behave similarly to Ge, it is interesting to look into 
the microstructure of undercooled si that solidifies at 
various undercooling. Earlier work [8] has confirmed the 
existence of <211> dendrite at small undercoolings. ,However, 
<110> twin and <100> twin free dendrite have never been 
reported. In this paper, we report the microstructures of 
undercooled si for 10 < ~T < 160 K. 
EXPERIMENT 
The si specimens used in the present study was 99.995% 
pure and the fluxing agents were glass slags, which had been 
cleaned in a mixture of Hel and HN03 and then rinsed with 
distilled water and alcohol in sequence. 
A high temperature furnace was constructed to carry out 
the fluxing of molten si. A schematic diagram of the high 
temperature furnace is shown in Fig. 1. At the center, a 
hollow graphite bowl is surrounded by tungsten heating wire 
which is connected to a water cooled electrodes. A variac 
and a step down transformer is employed to supply the heater 
with 35-45 A at 20-30 V to achieve temperatures from 1723 to 
1823 K. In order to prevent heat from radiating away, the 
graphite bowl and the heater are surrounded by several 
layers of shielding made of Mo. In the experiment, si ingots 
and glass slags were put into a clean fused silica tube. 
Then the whole system was inserted into the hollow graphite 
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bowl. The chamber was initially evacuated by a mechanical 
pump. Then it was slowly heated up to 1273 K and maintained 
there for half an hour. During this period, the mechanical 
pump was still operating. After this heat treatment, 
degasing from the graphite and the metal walls of and inside 
the chamber should be minimized. At this point, the 
mechanical pump was turned off and purified argon gas was 
introduced into the chamber and it was kept flowing during 
the entire experiment. Finally the temperature of the 
furnace was slowly increased to above the thermodynamic 
melting temperature of si. 
During fluxing, the entire molten si specimen must be 
covered with molten glass for two reasons. Firstly, the 
glass would separate the molten specimen from the argon gas 
atmosphere which of course contains impurities. Secondly, it 
is important for the molten specimen to stay away from the 
fused silica tube for which will turn into its crystalline 
form (Then it acts as heterogeneous nucleation site for 
undercooled Si) after a few hours high temperature heat 
treatment. A scheme has been developed for the above 
purpose. In the experiment, the molten specimen is placed at 
the centre of the fused silica tube. Now the molten si would 
not sink to the bottom of the fused silica tube and separate 
from it by a layer of glass for two reasons: the density of 
si is quite close to that of glass and glass is very 
adhesive to fused silica. 
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The temperature of the molten si was read by a 
thermocouple (tungsten 5% rhenium, tungsten 26% rhenium) 
which was inside the hollow graphite bowl and in direct 
contact with the fused silica tube that contained the molten 
specimen and glass. The thermocouple was connected to a 
chart recorder. After the molten si had been fluxed in glass 
for a few hours, the temperature of the furnace was brought 
down to below the thermodynamic melting 'temperature of si 
and isothermal condition would be maintained until it 
crystallized. When crystallization occurred, a peak was 
recorded on the chart recorder due to the release of heat of 
crystallization. 
The as obtained undercooled specimen, however, was 
completely covered by glass. In order to study the detail 
surface microstructure, the glass had to be removed. This 
was achieved by dropping it into HF, which would dissolve 
the glass and leave the si specimen unattacked. 
since different dendrites can be found on the surface 
of the undercooled specimens, their nature, for instance, 
growth directions can be determined by chemical etching 
method [7] • Wag (HF:HN03 : 5% aq. soln. AgNO = 2: 1 : 2 ) 3 had 
been a very successful etchant in the study of undercooled 
Ge. It was therefore applied to undercooled si. Indeed, 
clear triangular pits with sides parallel to the <110> 
directions [3] were detected after the undercooled specimen 
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had been etched in WAg. Twin planes were revealed by CP4 (25 
parts HN03 , 15 parts HF, 15 parts glacial acetic acid and 
0.3 parts bromine). Lastly, the orientation of the twin 
plane is exposed by using superoxol etchant (1: 1: 4 volume 
parts of H20 2 (30%), HF (48%) and H20, respectively). after 
etching, the specimens were examined by optical and scanning 
electron microscope (SEM). 
RESULTS 
In the studies of undercooled Ge, the crystallization 
was brought about by touching an undercooled Ge with a 
pointed fused silica rod. It was therefore possible to mark 
the location of initial crystallization on the surface of 
the undercooled specimen with precision. Therefore, the 
characteristic microstructure at a particular initial bulk 
undercooling could be determined with precision. On the 
other hand, such a method could not be applied in the 
present work for two reasons: The graphite bowl and fused 
silica tube were completely enclosed by the metal 
shieldings, and glass flux would be darkened after molten si 
has been fluxed inside for a while. Isothermal runs were 
used instead, i.e., after a molten si specimen has been 
fluxed for a few hours, the temperature of the furnace was 
brought down slowly to a certain undercooling by adjusting 
the variac and it was maintained at that particular 
temperature until the undercooled specimen crystallized. The 
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crystallization was 
described above. A 
recorded 
typical 




undercooled si recorded on a chart recorder is depicted in 
Fig. 2. The entire surface of the as obtained undercooled 
specimen was examined to check the presence of various types 
of dendrites after etching in HF to remove the glass. 
The results of 25 specimens were listed in table 1. For 
10 < ~T < 22 K, only <110> dendrites are found. For 22 < ~T 
< 68 K, for the first time the <211> dendrites appeared. 
Besides, for all the dendrites present on the surface of an 
undercooled specimen, most of them are of <211> type, 
although <110> dendrites are also located occasionally. We 
conclude that in this undercooling regime, <211> dendrite 
dominates. For ~T > 68 K, <100> dendrite starts to appear 
and they are the dominant species. Therefore, it is 
concluded that the <100> dendrite is the characteristic 
dendrite for ~T > 68 K. The detailed microstructures of 
these dendrites are discussed below. 
For 10 < ~T < 22 K, a typical dendrite is shown in 
Fig. 3 (a). (The micrographs of these <110> twin dendrite 
shown in Fig. 3 (a) and 3 (b) were from specimens which were 
only partially covered by glass during fluxing. or those 
specimens that were completely covered by glass flux, 
faceting was not so obvious.) Its needle shape resembles the 
<110> twin dendrite in undercooled Ge. It is note that the 
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surface of an undercooled si specimen is covered by lots of 
these dendrites as shown in Fig. 3 (b). An etched dendrite 
is displayed in Fig. 3 (c) which clearly demonstrates that 
the growth direction is along <110> [3], i.e., the dendrites 
found in this undercooling regime are all <110> dendrites. 
In the case of Ge, the <110> dendrites are twin, It is 
therefore important to search for twin planes for 
undercooled si. A <110> dendrite was cut perpendicular to 
its length. The cross-section was then etched with CP4 to 
reveal the existence of twin planes. Indeed, twin planes are 
found as illustrated by the dark straight lines in 
Fig. 3 (d). More than five <110> dendrites, all from 
different specimens, twin planes are found they appear in 
multiple numbers, same as that of the <110> twin dendrite in 
undercooled Ge. In order to determine the orientation of the 
twin plane, a <110> dendrite was ground down to expose a 
plane that is parallel to the twin plane. Then the plane was 
polished and etched with superoxol etchant and triangular 
pi ts were etched out. We therefore conclude that the twin 
plane is parallel to {111} plane, same as that of Ge. 
For 22 < ~T < 68 K, a typical dendrite found in this 
undercooling regime is shown in Fig. 4 (a): a leaf like 
structure spreading over the surface of the undercooled 
specimen. The appearance is markedly different from those in 
the lower undercooling regime, although quite similar to the 
<211> twin dendrite in undercooled Ge. An etched dendrite is 
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displayed in Fig. 4 (b). The triangular pits illustrate that 
the growth direction is along <211>. These are the <211> 
twin dendrites first found by Dermatis [8], same as those 
<211> twin dendrite in undercooled Ge. 
For ~T > 68 K, optical micrograph in Fig. 5 indicates 
that the characteristic dendrites possess four fold symmetry 
in their growth morphology. Furthermore, cross-section of 
dissected dendrite shows the absence of any twin plane. This 
result confirms that these are <100> twin free dendrite, 
same as those <100> twin free dendrite discovered by Devaud 
and Turnbull [2] in undercooled Ge. 
In order to understand the crystallization process of 
undercooled si, glass and si ingots were put in a fused 
silica tube under flowing argon gas. Then the system was 
heated up by a touch in air until the si melted. After a 
short period of fluxing, the molten specimen was allowed to 
cool in air by removing the touch. When crystallization 
occurred, it was found that dendrites formed first. Complete 
crystallization was followed by subsequent crystal growth on 
these dendrites. Therefore, we conclude that crystallization 
of undercooled si is dendritic in nature. 
In the above micrographs, it appears that undercooled 
si does not facet as much as in the case of Ge. The 
comparison, however, is somewhat inappropriate for different 
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fluxing agents are used for these two systems. The fluxing 
agent used in the studies of Ge is anhydrous boron oxide 
While that for si is glass. Indeed, in one instance, a <211> 
dendrite was found on the surface of an undercooled si where 
the glass was separated from its surface by a bubble. This 
particular twin dendrite is highly faceted as shown in 
Fig. 6. 
DISCUSSION 
Faceting of a specimen under a flux requires local 
detachment of the specimen from the fluxing agent. The 
absence (nearly) of faceting of si dendrites for specimen 
prepared by completely covering it with glass is attributed 
to the strong adhesion of si to glass. Ge, on the other 
hand, can be separated from boron oxide quite readily, which 
explains the easiness of the formation of facets as 
discussed in Ref [6]. 
In the studies of undercooled Ge, it was necessary to 
introduce Sn to mark the dendrites [2] and twin planes [6]. 
In the case of undercooled Si, twin planes could be etched 
out in the absence of impurities. 
The orientation of the twin plane in a <110> twin 
dendrite is [111] which is the same as that of a <211> twin 
dendrite. since the two twin dendrites share the same twin 
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plane, it can concluded that the <110> to <211> twin 
dendrite transition is in fact a transition in the growth 
direction. The growth modes for <110>, <211> and <100> 
dendrites are edgewise, edgewise and continuous, 
respectively. The transition for the <211> to <100> is a 
transition from the edgewise to continuous normal growth, 
the nature of this transition can therefore be explained by 
Cahn's theory [9] of diffused interface at high 
undercooling. 
Grain ' refinement was not observed in the present 
studies. This is presumably due to the fact that the 
undercooling achieved for molten si is not sUbstantial 
enough. 
In conclusion, we have found that in undercooled si, 
crystallization is dendritic in nature. In addition, there 
are three kinds of dendrites, the <110>, <211> and <100> 
dendrite. The former two are twin while the last one is twin 
free. They appear at different undercoolings and the 
transition temperature are 22, 68 K, respectively. 
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TABLE 1 
Correlation between undercooling and direction 
of dendrite growth for si 















































16 69.4 <100> 
17 70.9 <100> 
18 73.7 <100> 
19 78.6 <100> 
20 85.9 <100> 
21 90.7 <100> 
22 99.2 <100> 
23 102.2 <100> 
24 117.7 <100> 





Schematic diagram of the high temperature furnace 
showing the hollow graphite, position of the 
thermocouple, tungsten heating wire and the metal 
shieldings. 
A typical isothermal curve: Crystallization is 
confirmed by the peak which is due to the release 
of heat of crystallization. 
Fig. 3 (a) The appearance of an <110> dendrite on the 
surface of an undercooled si specimen. 
Fig. 3 (b) <110> dendrites on the surface of an undercooled 
si specimen. 
Fig. 3 (c) An etched <110> dendrite (in WAg) showing that 
its growth direction is along <110>. 
Fig. 3 (d) Twin planes of an <110> dendrite. 
Fig. 4 (a) A typica 1 
morphology. 
<211> dendrite with Leaf-like 
Fig. 4 (b) An etched <211> dendrite (in WAg) illustrating 
that its growth direction is along <211>. 
Fig. 5 
Fig. 6 
A typical <100> dendrite displaying the 4-fold 
symmetry. 
Faceting of a <211> twin dendrite which was not 
covered by glass flux during crystallization. 
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Fig. 3 (a) 
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Fig. 3 (b) 
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Fig. 3 (c) 
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Fig. 3 (d) 
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Fig. 4 (a) 
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Fig. 4 (b) 
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Fig. 5 
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Fig. 6 
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